Reliable microelectromechanical systems (MEMS) switches are critical for developing high performance radio frequency circuits like phase shifters. Engineers have attempted to improve reliability and lifecycle performance using novel contact metals, unique mechanical designs and packaging. Various test fixtures including: MEMS devices, atomic force microscopes (AFM) and nanoindentors have been used to collect resistance and contact force data. AFM and nanoindentor test fixtures allow direct contact force measurements but are severely limited by low resonance sensors, and therefore low data collection rates. This paper reports the contact resistance evolution results and fabrication of thin film, sputtered and evaporated gold, micro-contacts dynamically tested up to 3kHz. The upper contact support structure consists of a gold surface micromachined, fix-fix beam designed with sufficient restoring force to overcome adhesion. The hemisphere-upper and planar-lower contacts are mated with a calibrated, external load resulting in approximately 100µN of contact force and are cycled in excess of 10 6 times or until failure. Contact resistance is measured, in-situ, using a cross-bar configuration and the entire apparatus is isolated from external vibration and housed in an enclosure to minimize contamination due to ambient environment. Additionally, contact cycling and data collection are automated using a computer and LabVIEW. Results include contact resistance measurements of 6 and 8 µm radius contact bumps and lifetime testing up to 323.6 million cycles.
INTRODUCTION
Reliable microelectromechanical systems (MEMS) switches are critical for developing high performance radio frequency circuits like phase shifters. Engineers have attempted to improve reliability and lifecycle performance using novel contact metals, unique mechanical designs and packaging. Various test fixtures including: MEMS devices, atomic force microscopes (AFM) and nanoindentors have been used to collect resistance and contact force data. MEMS devices allow for lifecycle testing but not direct measurement of contact force which must be inferred through modeling. AFM and nanoindentor test fixtures allow direct contact force measurements but are severely limited by low resonance sensors.
This paper describes the research methodology used to explore and characterize the physics and evolution of microcontacts over their lifetime of performance. Understanding how the physics of the micro-contact interface evolves will enhance micro-contact development time and help predict lifetime performance. To accomplish this research, the following was required: to improve a test fixture to examine lifetime evolution characteristics of a micro-contact and to generate a description of the witnessed micro-contact evolution phenomena [1] . After witnessing the performance evolution of micro-contacts, the specific goal was to find an accurate description for the changing micro-contact interface physical phenomena.
TEST METHODS

Previous Methods
Previous systems employ the use of an AFM to apply a known contact force. However, the AFM limits the rate at which the micro-contacts can be cycled for testing [2] . For this experiment, the use of a dedicated force sensor and piezo electric motor was expected to surpass the rate limitations of the AFM [1] . The ability to apply a known contact force enables greater accuracy for determining micro-contact resistance and is the reason that AFMs are employed for testing [2] . By using a piezo electric actuator with a high-sample rate capable force sensor instead of an AFM, there was no expected decrease in micro-contact force accuracy. Instead, the rate of micro-contact testing was only limited to the capability of the piezo electric controller, which is 3 kHz.
To witness the evolution of micro-contact performance, micro-contact resistance was examined. Micro-contact resistance is directly impacted by interface changes and is a measurable quantity. In literature, assuming contaminant free surfaces, contact resistance is typically a function of four factors: the total contact area, material hardness, impact velocity, and contact force [3] . A change in any of the aforementioned factors can negatively impact performance. Other reasons for a decrease in performance are described as the development of surface contaminants, from oxide growth to the development of organic films [4] . Containment film development is described as the leading cause for a decrease in micro-contact performance [5] . However, these film developments change the performance of the micro-contact by changing the fundamental factors for micro-contact resistance. Previously, the development of thin films on microcontacts was experimentally verified as having an impact on micro-contact resistance [6] . In this research, a systematic approach was taken to examine and describe contact area evolution as it relates to the evolution of micro-contact performance.
Novel Test Fixture
Test fixture was designed to characterize the performance over the lifetime of a micro-contact. Testing happens within a nitrogen environment that still allows for manipulation of the micro-contact and connections to be able to monitor the contact throughout testing.
The test fixture allows for rapid actuation of a micro-contact with a known force and frequency. A Femto Tools FT-S270 force sensor was used to determine the amount of force applied to the micro-contact test structure. A Thorlabs BPC301 piezo electric motor and controller was used to apply force to the micro-contact and to actuate the sensor towards the micro-contact support structure. Micro-manipulators were used to align the force sensor with the micro-contact support structure.
LabVIEW is used for controlling the test equipment. This test equipment includes the force sensor, the piezo electric actuator. The equipment in the test set-up includes two National Instruments PXI-5404 signal generators, one is driving the piezo electric actuator during cycling, and the other controls the driving current on the micro-contact during actuation. Contact resistance is calculated by measuring the voltage and current across the contact using National Instruments DMMs, the current is supplied by a NI PXI-5022 DC source. The control and data acquisition is controlled through LabVIEW allowing for easy data collection and analysis Testing in a nitrogen environment reduces the opportunity for oxides and other organic films to develop prematurely and simulates a hermetic environment that a micro-contact would normally be packaged in.
The contact support structure is a fabricated device on a wafer that is attached to a carrier using crystal bonder. The micro-contact test structure was then wire bonded to the breakouts of the carrier to make it easier to measure the current and voltage across the contact. This configuration also reduces the probability of physically interacting with and changing the surface of the micro-contact test structure and removes the necessity for probes. The wafer was wire bonded to the carrier and placed into the carrier socket which has pins for every wire bond. These pins were wire wrapped separately and the wires were guided outside of the enclosed test fixture. Micro-manipulators are available in the x, y and z axes to allow for the alignment of the force sensor with micro-contact. This complete test fixture is shown in Figure 1 . 
Testin
There are thr a micro-con determination determined b probability o the other han micro-contac 
Plastic
To account for the asperity contact area and force under plastic deformation, the model from Abbot and Firestone that assumes sufficiently large contact pressure and no material creep is used [11] . Single asperity contact area and effective contact area are defined using (6) and (7) [5]:
where H is the Meyer hardness of the softer material [5] , A is contact area, R is asperity peak radius of curvature, and α is asperity vertical deformation [5] . The effective contact area radius is then related to contact force by [3] :
The model for contact resistance based on plastic deformation for diffusive transport is then [8] :
where is the resistivity of the conducting material, is the hardness of the material, is the contact force.
ANALYSIS AND RESULTS
Each micro-contact support structure tested was subjected to the initial contact testing and cold switch testing. The tests were repeatable with minimal interruption. During initial contact testing and measurement cycles, the current was kept constant at 0.02 mA and the voltage was measured to calculate the contact resistance. During cold switch testing the current was constant at 46 mA. The devices were tested to examine the evolution of contact resistance over 10 million cycles. Measurements were made up to the designated number of cycles by the measurement interval. Between measurements, the micro-contact was cycled at the actuation rate and force. This system has proven to be an effective test fixture for cycling micro-contacts at relatively fast cycle rates to examine the evolution of micro-contact resistance. Figure 5 shows a comparison of the measured micro-contact resistance for an Au only fixed-fixed micro-contact support with a contact radius of 6 µm and the predicted values of micro-contact resistance based on the equations in Section IV. This data is the average of 15 ICT measurements; also shown is the standard deviation of that data. Figure 5 shows that at extremely low contact less than 10 µN, the measured contact resistance in much higher than the model. But after this small area of light loading, the average measured values follow the plastic model very closely.
Initial Contact Test of a Au-Au contact with a 6 µm radius contact bump
Cold Switch Test of a Au-Au contact with a 6 µm radius contact bump
For the cold-switch test (CST) of the 6µm Au-Au device, the cycling was kept constant at 1 kHz observed any effects on lifecycle performance. The devices were actuated to 10 million cycles with measurements at every 25,000 cycles. Figure 6 shows a fixed-fixed Au micro-contact support structure contact resistance changes over 10 million cycles. Figure 6 . CST test data from a Au-Au, 6 µm radius contact bump, cycled for 10 million actuations. Rc Average is the average for the last 4 data point at ~200 µN of contact force. Rc Min is the minimum contact resistance measured during the measurment cycle.
The contact After this tim indicates a ch in the contac resistance w results from occurred, exp In Figure 8 , the results are similar to the 6 µm contact bump, the initial contact resistance (less than 25 µN of force) is much greater than the model. After this portion of low contact force, the measured resistance values closely follow the plastic deformation model. The measures values mimic the model, but does not follow as closely as the previous case.
Cold Switch Test of a Au-Au contact with a 8 µm radius contact bump
For the cold-switch test (CST) of the 8µm Au-Au device, the cycling was varied to observe the effect on lifecycle performance. The devices under test were first cycled up to 100 times at 10 Hz with measurements taken at every 10 cycles. Following the initial 100 cycles, the devices were actuated up to 1,000 cycles at 100 Hz with measurements performed every 100 cycles. Then following the 100 cycles, the contact was cycled to 10,000 cycles at 1 kHz with measurements every 1,000 cycles. In addition, the micro-contact structures were actuated to 100,000 cycles at 3 kHz with measurements every 10,000 cycles. Lastly, the devices were actuated to 10 million cycles with measurements at every 100,000 cycles. Figure 9 shows that the fixed-fixed Au micro-contact support structure a experienced stead contact resistance for the first 1 million cycles. The rise in resistance after 1 million cycles indicates a change of the contact area. This particular micro-contact was cycled 10 million times, at which point the average closed contact resistance was 0.613 Ω Figure 9 . Resistance values during cold switch testing for fixed-fixed au micro-contact support structure cycled for 10 million actuations. Rc Average is the average for the last 4 data point at ~200 µN of contact force. Rc Min is the minimum contact resistance measured during the measurment cycle.
Lifetime Cold Switch Test of a Au-Au contact with a 6 µm radius contact bump
For the cold-switch test (CST) of the 6um Au-Au device, the amount of cycling was varied to observe the effects lifecycle performance. The device was actuated to 350 million cycles with measurements at every 100,000 cycles for the first 50 Million cycles. Measurements every 250,000 from 50 Million to 145 Million cycles. Finally the device was measured every 500,000 cycles for the remaining life of the micro-contact. The resulting contact evolution can be seen in Figure 10 . 
